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Radiation-induced damage of biological matter is an ubiquitous problem in nature. The influence of
the hydration environment is widely discussed, but its exact role remains elusive. We present the
experimental observation of a hydrogen-bonded water molecule acting as a radiation protection agent
for ionized pyrrole, a prototypical aromatic biomolecule. Pure samples of pyrrole and pyrrole(H2O)
were outer-valence ionized and the subsequent damage and relaxation processes were studied.
Bare pyrrole fragmented through the breaking of the C–C or N–C covalent bonds. However, for
pyrrole(H2O), we observed a strong protection of the pyrrole ring through the dissociative release
of neutral water or by transferring an electron or proton across the hydrogen bond. Furthermore,
for pyrrole(H2O) a smaller probability for double ionization was observed. Overall, a single water
molecule strongly reduces the fragmentation probability and thus the persistent radiation damage of
ionized pyrrole.
One sentence summary: “A single water molecule strongly reduces the fragmentation probability and
thus the persistent radiation damage of an ionized prototypical biomolecular chromophore.”
INTRODUCTION
The damage of biological matter upon the interaction
with UV radiation [1] or ionizing radiation [2], such as
x-rays [2, 3], γ-rays [4], and α- [5], or other fast charged
particles [3, 6, 7] is a major environmental impact on
living organisms [1, 2]. For instance, inner-shell-, inner-
valence-, or outer-valence-ionized states can relax in vari-
ous pathways that form cationic species, which can result
in molecular fragmentation [3, 8, 9]. In addition, recent
studies show that one highly relevant mechanism of DNA
strand breaks is via autoionization or excitation caused
by low-energy secondary electrons [3, 6, 7, 10].
Regarding the radiation damage of molecules, ioniza-
tion and excitation are similar: Vacancies are created in
the occupied molecular orbitals in both cases, which can
lead to corresponding bond breaking. In the case of ioniza-
tion, the electron is directly transferred to the continuum,
leaving the molecule, while excitation may result in the
population of dissociative excited states [11, 12]. Typical
sources for single ionization of biological matter in aqueous
environments are deep UV ionization or the interaction
with radicals, slow electrons, or ions [2, 3, 12, 13]. While
deep UV radiation is efficiently blocked by the earth’s at-
mosphere [14] it is omnipresent in outer space [15]; harder
radiation penetrates the atmosphere.
Larger molecular assemblies such as clusters, droplets,
and even large molecules like proteins in their natu-
ral solvation environment are known to allow for addi-
tional relaxation pathways due to intermolecular interac-
tions [8, 16–24]. These pathways may lead to a protection
of the molecule especially if the biomolecule is directly af-
fected by the radiation [1]. On the other hand, secondary
species originated from the ionization of surrounding sol-
vent molecules can open up new pathways that lead to
biomolecular destruction.
Hydrogen-bonded solute-solvent complexes allow for
quantitative investigations of these effects [25–28]. One
of the important electronic relaxation channels of such
dimers after x-ray ionization, electron-impact ionization,
or α-particle irradiation was ascribed to intermolecular
Coulombic decay (ICD) [8, 9, 25–27, 29]. ICD results
in the formation of mainly charge-separated di-cationic
complexes which undergo fragmentation via Coulomb
repulsion. A competing ultrafast relaxation channel
of hydrogen-bonded complexes after inner-shell ioniza-
tion, which may protect biomolecules, is intermolecu-
lar electron- or proton-transfer-mediated charge separa-
tion [22, 24, 27]. This was observed following x-ray ion-
ization of the water dimer [28] and liquid water [30, 31].
A key ingredient for the indirect destruction pathways
of biological matter is the radiolysis of water [13, 32, 33],
which is probable because ∼3/4 of the volume of the cell
comprises of aqueous environment [3, 13]. In this case,
reactive cations, radicals, anions, or aqueous electrons are
produced inside the water environment, which can trigger
biomolecular fragmentation [2, 32–36]. In this context,
it is still under discussion whether the hydration envi-
ronment inhibits or enhances radiation-induced biological
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2FIG. 1. Schematic representation of the ionization scheme
and radiation-protection mechanism in pyrrole(H2O). Single
ionization of the cluster is followed by its dissociation, with
the leaving water molecule allowing the aromatic ring to stay
intact without further fragmentation.
damage [4, 13, 36–42].
Pyrrole, a heterocyclic aromatic molecule, is a UV-
absorbing chromophore, e. g., in hemes and chloro-
phylls [43]. Pyrrole is also a subunit of indole, 3-
methylindole, and tryptophan, which are of great rel-
evance as the principal UV-absorbers of proteins [44, 45].
The photophysical and photochemical properties of indole
and pyrrole are sensitive to the hydration environment [46–
50]: upon UV absorption these chromophores indirectly
populate an excited 1piσ∗ state, which is repulsive along
the N-H-stretching coordinate [44–46]. This triggers an
ultrafast internal-conversion process to the ground state,
essential for the photostability of proteins.
The pyrrole(H2O) cluster has a well-defined structure
with a hydrogen bond from the N-H site to the water [51].
This reflects the strongest interaction between pyrrole
and surrounding H2O in aqueous solution. H-elimination
dynamics from the N-H site of pyrrole, mediated by the
electronic excitation of the 1piσ∗ state [44, 52–54] or by
vibrationally mediated photodissociation [55], was stud-
ied by time-resolved photoion and photoelectron spec-
troscopy. Theoretical calculations for electronically ex-
cited pyrrole(H2O) clusters predicted electron transfer
across the hydrogen bond without photodissociation of the
pyrrole moiety [48, 56]. Direct ionization of pyrrole [57]
and pyrrole(H2O) [58] led to molecular fragmentation.
Here, we experimentally investigated the damage in-
curred in singly and doubly ionized pyrrole molecules and
the effect of solvation by comparing the fragmentation
pathways of bare pyrrole and microsolvated pyrrole(H2O)
heterodimers using pure samples of either species. This
scheme enables the systematic investigation of the role of
water solvation on the photophysics of pyrrole and hence
for hydrated biomolecules in general.
A schematic representation of our ionization strat-
egy is represented in Figure 1. We mimicked radia-
tion damage through outer valence ionization. Pyrrole
and pyrrole(H2O) were site-specifically ionized, see Meth-
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FIG. 2. Time-of-flight mass spectrum and corresponding
velocity-map images of the ions generated by strong-field ion-
ization of pyrrole. The structure of pyrrole is given on the
right of the lower panel. The colormap and velocity scale holds
for all velocity map images.
ods, through the removal of electrons from the HOMO
or HOMO−1 orbitals, which are localized on the aro-
matic ring. This was achieved by strong-field ioniza-
tion using 800 nm laser pulses with a peak intensity of
∼1× 1014 W/cm2 and a pulse duration of 30 fs. Valence
ionization of bare pyrrole resulted in extensive fragmenta-
tion. On the other hand, for singly ionized pyrrole(H2O)
we mainly observed breaking of the hydrogen bond and a
water molecule leaving an intact pyrrole ring. In this case,
breaking of the actual biomolecule is strongly suppressed.
RESULTS
Our comparison of the fragmentation dynamics of bare
and microsolvated pyrrole built on the production of
very pure molecular beams of pyrrole and pyrrole(H2O),
respectively; see Methods for details. The molecular beam
had, in the case of pyrrole, a purity of ∼95 %, with a
contamination of ∼5 % given by pyrrole dimer. The
purity of the pyrrole(H2O) beam was ∼99 % with the
major contamination by water dimer [59].
Figure 2 shows the time-of-flight mass spectrum (TOF-
MS) and corresponding velocity-map images (VMIs) of
all ions resulting from strong-field ionization of pyrrole.
All data were recorded simultaneously using a Timepix3
camera [60, 61]. Rings in the VMIs occur for two-body
Coulomb explosion, i. e., a charge-repulsion-driven fast
breakup into two positively charged fragments. These frag-
mentation channels obey momentum conservation in the
recoil frame. Low kinetic energy (KE) features correspond
to charged intact parent ions or ions created from disso-
ciative single ionization. The data shows no signatures of
3three-body breakup beyond hydrogen atom/proton loss.
The most prominent feature in the TOF-MS is the
narrow peak at m/q = 67 u/e, assigned to pyrrole+, on
top of a broader pedestal. The peak corresponds to the
sharp central dot in the corresponding VMI. The pedestal
correlates with the rings in the VMI which are assigned
to pyrrole+ from Coulomb explosion of the pyrrole dimer.
The TOF-MS peak at m/q = 33.5 u/e and the central
dot in the corresponding VMI are assigned to the doubly
ionized pyrrole. Its pedestal in the TOF-MS and the
corresponding rings in the VMI are attributed to pyrrole2+
from Coulomb explosion of multiply-ionized pyrrole dimer.
In both cases 95 % of the signal strengths are in the central
peaks, i. e., originating from the monomer.
The signals in the mass-to-charge regions m/q =
24 . . . 30 u/e and m/q = 35 . . . 44 u/e correspond to frag-
ments from the breakup of the pyrrole ring. Some possible
ionic products are labeled in Figure 2, in line with the
mass peak assignment after electron impact- and pho-
toionization of pyrrole [57, 62]. A clear assignment of the
various individual peaks observed in the two mass regions
to specific fragments is not possible due to overlapping sig-
nals and ambiguities in the construction of specific mass
to charge ratios out of possible feasible fragments. The
situation is compounded by the fact that hydrogen loss off
fragments was present. Proton loss after double ionization
can be ruled out due to the lack of correlations between
the detected protons and the fragments observed in the
two mass regions. The small proton peak in the spectrum
is therefore attributed to the initial charge states > 2. In-
tense central peaks in the VMIs correspond to fragments
from dissociative ionization of singly charged pyrrole. The
rings in these VMIs, contributing ∼30 % of the total ion
count, correspond to fragments from Coulomb explosion
of doubly charged pyrrole. The Coulomb explosion signals
of the two mass regions are correlated, as confirmed by
kinetic-energy selected coincidence maps and momentum
conservation.
Figure 3 shows the TOF-MS and VMIs of all ions result-
ing from strong-field ionization of purified pyrrole(H2O).
Again all data were recorded simultaneously using the
time-stamping detector. All VMIs exhibit a central low-
KE part due to single ionization as well as sharp or diffuse
higher KE signals.
The peak at m/q = 85 u/e, with a central dot
in the VMI, corresponds to the pyrrole(H2O)+ parent
ion. The strongest peak in the TOF-MS is again at
m/q = 67 u/e, the pyrrole-monomer cation, which re-
sulted from the dissociation of the hydrogen bond in
singly ionized pyrrole(H2O). This is confirmed by its
broader KE distribution in the VMI owing to recoil from
the momentum conservation with the leaving neutral wa-
ter molecule.
The peaks at m/q = 66 u/e and m/q = 19 u/e cor-
respond to C4H4N+ and H3O+, respectively. Both frag-
ments exhibit sharp rings in their VMIs, with corre-
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FIG. 3. Time-of-flight mass spectrum of pyrrole(H2O) with
the velocity-map images of the ions, which were recorded
simultaneously after strong-field ionization. Also shown are
the structure of the dimer, sum formulas of all fragments, and
the velocity ranges and colormap for all velocity-map images.
lated ions that obey momentum conservation, demon-
strating a two-body Coulomb explosion break-up channel
of pyrrole(H2O) including a proton transfer from pyrrole
to water. A weaker H2O+ channel, ∼3/4 of which is
correlated to pyrrole(H2O) whereas the remaining signal
can be attributed to the water dimer, shows the direct
breakup of pyrrole(H2O)2+ across the hydrogen bond.
As for pyrrole, fragments within the regions m/q =
24 . . . 30 u/e and m/q = 35 . . . 44 u/e were detected due
to the breakup of the aromatic ring. However, they show
broad structureless distributions in the VMIs which are
not correlated with each other. The high KE ions in these
regions originate from pyrrole(H2O)2+ after three-body
fragmentation processes. These channels always involve
H3O+ as a second ionic partner, as well as a third neutral
aromatic fragment. The small peak at m/q = 36 u/e is
attributed to a singly ionized water dimer ((H2O)2).
DISCUSSION
Overall, single and double valence ionization of pyrrole
led to a significant breakup of the aromatic ring. Single
ionization caused fragmentation of the pyrrole moiety
through various dissociative pathways which resulted in
low kinetic energy ions. Double ionization caused fragmen-
tation of the aromatic ring driven by Coulomb explosion.
4Surprisingly, the scenario is very different for
pyrrole(H2O). Despite of the localized ionization with the
removal of electrons from pyrrole’s same pi orbitals, differ-
ent relaxation pathways emerged through the hydrogen-
bonded water molecule. For example, in the case of
singly ionized pyrrole(H2O), we observed the dissocia-
tion of the hydrogen bond, i. e., the loss of neutral water,
which protected the pyrrole ring from fragmentation. Fur-
thermore, after double ionization, additional Coulomb
explosion channels appeared for pyrrole(H2O), such as
the H3O+ channel with its counter ion C4H4N+. Both
fragments showed sharp rings in the corresponding VMIs,
thus leaving the pyrrole ring intact with only a proton
lost. Additionally, two body Coulomb explosion channels
of pyrrole(H2O) in the regions m/q = 24 . . . 30 u/e and
m/q = 35 . . . 44 u/e are absent and the uncorrelated sig-
nal is much weaker than the strong signals observed for
the pyrrole monomer. In total, the fragmentation path-
ways were strongly influenced, i. e., pyrrole fragmentation
was strongly reduced, by a single water molecule attached
to pyrrole.
In order to unravel the influence of the microsolvation
on the radiation induced damage and to quantify the
degree of protection for ionized pyrrole in the presence
of a single water molecule, we normalized the ion yields
for the pyrrole and pyrrole(H2O) species with respect to
each other. We compared the laser intensity-dependent
shape of the low-intensity single-ionization ion yield for
both species as described in the Methods. Furthermore,
the single, double, and higher-order ionization channels
were separated to provide a direct comparison of the
fragmentation yields for both species as a function of
the initial charge state. In addition, the fragmentation
channels were classified into ring-fragmenting and ring-
protecting channels.
The momentum maps for the specific mass-to-charge
regions were taken into account in order to separate single,
double, and higher-order ionization channels. Almost all
VMIs shown in Figure 2 and Figure 3 had contributions
from ions with low as well as with high kinetic energy.
We attribute the low-KE ions to single ionization and
the high-KE ions to double or higher-order ionization,
respectively. Gating on the momenta with p < 30 u ·km/s
resulted in a normalized mass spectrum (NORMS) for
single-ionization channels whereas gating on the momenta
with p > 30 u · km/s resulted in a NORMS for the higher-
ionization channels. The resulting normalized gated time-
of-flight mass spectra for pyrrole and pyrrole(H2O) are
shown in Figure 4 for m/q = 0 . . . 60 u/e, which contains
all ring-breaking fragments. The upper panel corresponds
to the single-ionization channels (z = +1), whereas the
lower panel corresponds to double (z = +2) or higher
(z > +2) ionization-channels.
Both species showed similar fragmentation products, es-
pecially in the mass-to-charge regions m/q = 24 . . . 30 u/e
and m/q = 35 . . . 44 u/e, which are the channels arising
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FIG. 4. Comparison of the normalized TOF-MS of pyrrole
(red) and pyrrole(H2O) (blue). The number of charges created
on the system after strong-field ionization is denoted by z. The
upper panel corresponds to an initial charge state z = +1. The
peak marked with the asterisk corresponds to intact C4H5N2+
from double ionization of pyrrole. The lower section is for
the charge states z > +1. Signals for m/q = 2 . . . 14 u/e in
the lower section originated from initial charge states with
z > +2.
from the breaking of the C–C and N–C covalent bonds
of the pyrrole ring. However, they vastly differed in the
specific ion yield and we observed a significant reduction
of fragments arising from ring-opening in pyrrole(H2O)
as compared to pyrrole for both cases of single and multi-
ple ionization. For both, pyrrole and pyrrole(H2O), the
contributions in the NORMS for z ≥ +2 in the region
m/q = 15 . . . 60 u/e were dominated by double ionization.
The contributions from triple ionization were statistically
estimated to less than 5 % and are thus negligible, see
Methods. Furthermore, the NORMS peaks in the re-
gion m/q = 1 . . . 14 u/e originate from charge states with
z > +2, confirmed by a covariance analysis. In the case
of higher-order ionization, a direct comparison of the ion
yield of pyrrole and pyrrole(H2O) from the NORMS is
not feasible due to the complex fragmentation processes
and overlapping fragmentation channels.
To estimate the extent of fragmentation protection after
single- and double ionization of pyrrole in a microsolvated
environment the observed fragmentation channels were
classified into ring-breakup and ring-protection channels.
Based on this, the ring-fragmentation probability is de-
fined as P =
∑
Nb/(
∑
Nb +
∑
Ni) with the number of
fragments where the ring is broken (intact) specified by
Nb (Ni).
First, we considered ring-breakup and ring-protection
channels following single ionization of pyrrole and
pyrrole(H2O). For pyrrole, the parent ion was con-
sidered as an intact channel. For single ionization of
pyrrole(H2O), in addition to the parent ion, the domi-
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FIG. 5. Schematic representation of the ring protection and
breaking probabilities for pyrrole and pyrrole(H2O) after single
ionization, showing the very strongly reduced fragmentation
probability of pyrrole in the cluster. For simplicity, only one
of the observed fragments is shown for each channel. The
width of the arrows (purple) and the numbers written above it
represent the total ring-protection and breaking probabilities
for pyrrole+ and pyrrole(H2O)+.
nant ring-protection channel is the dissociation of the
hydrogen bond, i. e., the loss of neutral water. Further-
more, the dissociative single ionization processes resulting
in low KE ions of H2O+, H3O+, and C4H4N+, prevent
the aromatic ring from fragmentation. All other low KE
ions in the mass-regionm/q = 15 . . . 60 u/e are considered
as ionic products that originated from the fragmentation
of the aromatic ring. The ring-fragmentation probabilities
for pyrrole and pyrrole(H2O) after single ionization were
then determined by counting the ions in the momentum-
map images with a cut on the low KE part in the specific
mass-to-charge regions. The projection of ions from higher
charge states (z = +2) into the center of the momentum-
map images is estimated statistically, see Methods, and
this contribution was subtracted. We estimated the ring-
fragmentation probability individually for pyrrole and
pyrrole(H2O) to 48 % and 7 %, respectively, see also
Figure 5. Overall, the ring-fragmentation probability of
pyrrole following single ionization is reduced by a factor
of ∼7 in pyrrole(H2O) compared to pyrrole.
We then classified the channels following double ioniza-
tion of pyrrole and pyrrole(H2O). For pyrrole, the only
ring-protecting fragmentation channel was the formation
of the doubly charged parent ion, C4H5N2+, marked by
the asterisks in the upper panel of Figure 4. All other
channels broke up the aromatic ring. The dominant ring
protection channel for the pyrrole(H2O)2+ was the in-
termolecular proton transfer from the N–H site of the
pyrrole moiety to the water moiety, producing H3O+ and
C4H4N+. A second channel was the electron transfer
process across the hydrogen bond, which leads to the
formation of C4H5N+ and H2O+. All other double ioniza-
tion channels correspond to the breaking of the aromatic
ring. The ring-fragmentation probability for pyrrole and
pyrrole(H2O) after double ionization were determined by
counting ions in the high KE part of the momentum-map
images while taking into account that two ions might
have been produced after double ionization, leading to
two hits in the corresponding momentum-maps for a sin-
gle fragmentation event. The finite detection efficiency
of 0.5 for each ion was taken into account. This led to a
similar ring-fragmentation probability after double ion-
ization for pyrrole(H2O), P = 0.80± 0.04, as for pyrrole,
P = 0.79± 0.04.
However, we observed a significant reduction in the total
absolute ion yield of the microsolvated system for double
ionization. This was indicated qualitatively through the
comparison of the ion signals in the NORMS in Figure 4.
To quantify this reduction we counted ions in the normal-
ized momentum maps of the specific channels originating
from double ionization of pyrrole and pyrrole(H2O). The
direct comparison revealed a reduction of the total ion
yield of pyrrole(H2O) by a factor of 2.6 ± 0.2. Thus, a
single water molecule attached to the aromatic molecule
pyrrole reduces its probability of being doubly ionized,
with a subsequent high probability of ring breaking, 2.6-
fold.
CONCLUSION
We demonstrated that a single water molecule strongly
protected the pyrrole ring from fragmentation by ioniza-
tion. For single ionization, microsolvation led to a strongly
reduced fragmentation of the aromatic ring. Moreover,
the solvation also significantly reduced the probability of
double ionization and the corresponding probabilities for
ring breaking. These quantitative studies were enabled by
our ability to provide pure samples of the bare molecule
and the microsolvated complex, as well as by using a novel
time-stamping VMI detector.
Singly ionized pyrrole underwent radiation-induced
damage through the breaking of, typically two, C–C or
N–C bonds. Outstandingly, the dissociation mechanisms
after single ionization of pyrrole(H2O), through breaking
of the intermolecular bond or by transferring an electron
or proton across this hydrogen bond, strongly reduces
the ring breaking probability by a remarkable factor of 7.
After double ionization, similar ring-fragmentation proba-
bilities were observed for pyrrole and pyrrole(H2O). For
the microsolvated system, intermolecular proton- and elec-
tron transfer processes occurring across the hydrogen bond
increase the redistribution of charges, initially created in
the pyrrole ring, to the water molecule. Nevertheless,
we observed a reduction of 2.6 in the double-ionization
6probability for pyrrole(H2O) compared to pyrrole, demon-
strating a reduced double-ionization cross section and the
corresponding protection of the microsolvated system.
Our experiments employed strong-field ionization for
the ionization, typically removing electrons from the
HOMO or HOMO-1 orbitals of pyrrole, which are also lo-
calized on the pyrrole moiety in the microsolvated systems.
This mimics the ionization by neighboring molecules in
aqueous systems, such as cells, as well as electronic exci-
tation through UV radiation. Thus, our results provide a
test case of how an aqueous microsolvation environment
can strongly reduce the radiation damage of biological
molecules induced by UV radiation as well as by secondary
effects of ionizing radiation where single outer-valence ion-
ization is the scenario. Furthermore, the doubly ionized
systems in our experiment resemble to a large extent the
fate of a molecule after Auger decay processes subsequent
to core-shell ionization [8, 9].
Biomolecules and proteins in nature are actively sol-
vated by the surrounding water molecules, which allow for
efficient charge redistribution to the solvent environment
through electron- and proton transfer pathways quanti-
fied here. In aqueous solution, the loss of the attached,
neutral, ionized, or protonated, water could easily be
repaired by the many solvent molecules around. Our
analysis of the protection in pyrrole(H2O) provides a
quantitative analysis of radiation protection and serves
as the basis for further investigations of the existing un-
certainties [4, 13, 36–42] regarding the role of the solvent
environment on the radiation damage of biomolecules.
MATERIALS AND METHODS
Experimental Setup
Details of the experimental setup were described else-
where [63]. A pulsed valve was operated at 100 Hz to
supersonically expand a few millibars of pyrrole (Sigma
Aldrich, > 98 %) and traces of water in ∼90 bar of helium
into vacuum. The resulting molecular beam contained
atomic helium, individual pyrrole and water molecules,
and various aggregates thereof. The electric deflector was
used to create pure samples of pyrrole(H2O) [58, 64]. Pyr-
role and pyrrole(H2O) were strong-field ionized by 800 nm
laser pulses with linear polarization, a duration of ∼30 fs,
focused to ∅ ≈ 35 µm (full width at half maximum inten-
sity) with a peak intensity of ∼1×1014 W/cm2. The ions
generated were extracted perpendicular to the molecular
beam and laser propagation directions using a velocity-
map-imaging spectrometer (VMIS). All ions were detected
using a position- and time-sensitive detector consisting of
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FIG. 6. Single-ionization yields for pure samples of pyrrole
(red), pyrrole(H2O) (blue), and water (purple) measured at
different laser peak intensities. All curves are normalized to
their highest ion yield observed.
a micro-channel plate (MCP) in combination with a fast
phosphor screen (P46). A visible-light-sensitive Timepix3
detector [60, 65] in an event-driven mode recorded all
signals, which were stored and centroided using our home-
built pymepix software [61].
Normalization of the mass spectra
The normalization of the TOF-MS was necessary due
to the different densities of the two species, pyrrole
and pyrrole(H2O), in the molecular beam. Due to the
very similar first ionization energies (Ei) of pyrrole and
pyrrole(H2O) the ionization probabilities for both species
are also very similar. The calculated (HF/MP2-aug-cc-
pVTZ using GAMESS-US) first vertical Ei of pyrrole and
pyrrole(H2O) are 8.59 eV and 8.15 eV, respectively. To
quantify the relative ionization probability experimen-
tally [66, 67] the ion yield as a function of the laser peak
intensity was measured for the single ionization channel
for pyrrole, pyrrole(H2O), and water, see Figure 6. Here,
the ion yield from each pure species is normalized to its
value for the highest laser intensity. In the low-intensity
region, 1–8 × 1013 W/cm2, for pyrrole only the parent
ion was observed. A saturation intensity for the parent
ion signal of ∼6 × 1013 W/cm2 was obtained from the
measured low-intensity ion-yield curve. For pyrrole(H2O)
we summed the signals for parent ion and pyrrole+ [58],
which yielded a saturation intensity for single ionization
of ∼4.5× 1013 W/cm2. Based on the similar saturation
intensities and the very comparable intensity dependence
of the ionization yields, Figure 6, we normalized the TOF-
MS of pyrrole and pyrrole(H2O) using a normalization
factor of 1.94± 0.1.
For the ionization of water, we obtained a very different
intensity dependence and saturation intensity, which was
7HOMO HOMO-1 HOMO-4
FIG. 7. Molecular orbital picture of HOMO, HOMO-1, and
HOMO-4 for the geometry optimized ground state structure
of the pyrrole(H2O).
determined as ∼1.4×1014 W/cm2. This is consistent with
the larger Ei of 12.62 eV [68] and further demonstrates
the similarities in the ionization cross sections of pyrrole
and pyrrole(H2O).
Highest occupied molecular orbitals of pyrrole(H2O)
The molecular orbitals calculated (GAMESS-US,
HF/MP2-aug-cc-pVTZ) for the geometry-optimized
ground state structure of pyrrole(H2O) are shown in Fig-
ure 7. The electron densities of HOMO to HOMO-3 are
localized on the aromatic ring. The highest-energy bound
molecular orbital with significant density on the water
moiety is HOMO-4. This orbital has an energy that is
6.5 eV lower than the HOMO. Therefore, under the ap-
plied laser intensities ionization from this orbital can be
neglected [69] and localized ionization of pyrrole(H2O) at
the pyrrole moiety can be safely assumed.
Triple-ionization contributions
To estimate the contributions of individual ions over
a given mass-to-charge range from the measured 2D-
projection of the 3D momenta, we made specific cuts
in these experimental momentum maps in order to isolate
contributions from single-, double-, and triple-ionization
processes.
The measured momentum map for m/q = 35 . . . 45 u/e
is shown with Figure 8 as an example. Circles indicate cor-
responding cuts in the 2D-projection of the 3D-momentum
sphere formed from each ionization process: The white
circle with a radius of pr = 60 u · km/s represents the
edge of the momentum for dissociative single ionization,
the green circle with pr = 140 u ·km/s corresponds to the
maximum momentum of ions from Coulomb explosion
following the double ionization, and the red circle with
pr =
√
2 ∗ 140 ≈ 200 u · km/s is the maximum momen-
tum of ions from triple ionization, assuming a two-body
fragmentation into a singly-charged and a doubly-charged
ion.
The total ion count corresponding to the disks defined
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FIG. 8. The momentum map for all ions detected within a
mass-to-charge region m/q = 35 . . . 45 u/e is shown. Marked
circles with specific radii in the momenta map represent edges
for single, double, and triple ionization, respectively.
by these specific radii and the signal in the two outer
rings are provided in Table I. Areas of the specific disks
and rings are also given. Ion counts inside the outer
ring, 140 < pr < 200, correspond to triple ionization
without contribution from single and double ionization.
However, the middle ring, 60 < pr < 140, represents
the double ionization channels and it has contributions
from triple ionization; similarly, the innermost disk, 0 <
pr < 60, representing single ionization has contributions
from ions originating in double and triple ionization. The
corrected total number of ions from single, double, and
triple ionization are provided in Table II assuming a flat
ion distribution in the inner part of the corresponding
rings and disks. The relative contribution of the ion yield
from the triple ionization process to the total ion yield in
the given mass-to-charge region is < 5 %, i. e., negligible.
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